Abstract-In this paper, a fast and efficient method has been proposed to analyze the electromagnetic shielding rooms with electrical large sizes and arbitrary shapes. The ray-tracing method is used to predict the Shielding Effectiveness (SE) of the electromagnetic shielding rooms. The proposed method is based on speeding up the ray tracing algorithm. The performance of the proposed method is verified by a comprehensive example. The effect of additional metal cabinet in the shielding effectiveness of shielding room has been investigated. Also the position of it has been found optimally to produce a "best" performance for the shielding room.
INTRODUCTION
Electromagnetic shielding is one of the standard approaches that reduces emissions or improves the immunity. The ability of an enclosure to do this is characterized by its shielding effectiveness (SE), defined as the ratio of field strengths in the presence and absence of the enclosure. The efficiency of shielding enclosures is compromised by the wall of the enclosure, slots and apertures for heat dissipation, cable penetration, peripherals and displays.
Shielding effectiveness can be calculated by numerical simulation or by analytical formulations. Numerical methods that have been used to calculate shielding effectiveness include transmission-line modeling (TLM) [1] , finite-difference time-domain (FDTD) method [2] , and the method of moments (MOM) [3] . Analytical formulation provides a much faster means of calculating shielding effectiveness, enabling the effect of design parameters to be investigated. Many of these are derived from Bethe's approximation of diffraction through holes [4] and apply only to electrically small apertures. Other formulations are derived from a power-balance method [5] and the widely quoted formula [6] . The other method for predicting the SE considers the enclosure as a waveguide and assuming only a single mode of propagation (the TE 10 mode) [7] . On the other hand, the radiation from slots and apertures is usually decreased with electromagnetic gasketing and using very conductive and thick walls. In [8] , the use of double-layered walls for shielded enclosures is proposed to increase the shielding effectiveness of them. The other method for optimizing the electromagnetic shielding rooms utilizes as minimum as possible absorbing materials on the inner surface of the rooms [9] .
In this paper, a flexible and efficient way to analyze shielding rooms, especially with electrical large sizes and arbitrary shapes has been developed. The ray-tracing method has been applied to predict the Shielding Effectiveness (SE) of electromagnetic shielding rooms with apertures. The effect of metal cabinets and its position in the shielding effectiveness has been investigated.
MODELING TECHNIQUE
In the first step, the electric field in the electromagnetic shielding room is evaluated for a dipole antenna using the optimum ray-tracing method, described in Section 2.1. The next step explains the model of aperture which is often found on the walls of shielded rooms.
Optimum Ray-tracing Method
The known ray tracing technique which is based on geometrical optics (GO) provides a relatively simple solution for indoor wave propagation. It should be noted that using the GO and ray tracing technique is valid only when the object of interest has dimensions greater than the wavelength.
In the ray tracing method, the waves radiated from a transmitting antenna can be modeled as many ray tubes shooting from the location of the antenna [10, 11] . In a ray-tracing program, each ray tube may be composed of four rays separated by the increments of θ and ϕ (∆θ and ∆ϕ) in local spherical coordinates, centered at the antenna. To generate the ray tubes, a sphere of radius r centered at the antenna is divided into quadrilateral cells that are close to squares with approximately the same area by selecting a fixed ∆θ and a ∆ϕ = ∆θ/ sin θ. Fig. 1 shows the simulated region that is an electromagnetic shielding room with an aperture and a metal cabinet. In the conventional ray-tracing procedure, the rays have been traced one by one [10] [11] [12] , taking a large run time. To speed up the ray tracing algorithm, we propose to trace the rays simultaneously. The computation time is reduced proportional to the number of considered rays. In this way, the ray-tracing procedure may be modified by the following seven steps: 1) Each ray of the ray tubes is traced to find an incident point (as shown in Fig. 2 ) where a ray propagates from a point P 1 (x 1 , y 1 , z 1 ) to an incident point P 2 (x 2 , y 2 , z 2 ) on an intercepting interface. The coordinates of the incident point P 2 can be determined from the following expression:
whereŝ is the directional vector of the incident ray and s is the path length of the ray. For a flat interface defined with a normal unit vectorn = (n 1 , n 2 , n 3 ) and a point P 0 = (a, b, c) on the interface, the path length is given by
This is obtained from the equation − −− → P 0 P 2 ·n = 0. For a finitesize interface, it is also necessary to check whether the incident point is within the boundary of the interface or not. All interfaces
Figure 2. A ray propagates from P 1 to P 2 on an intercepting plane.
that may be illuminated by the ray tube should be tested to find the incident points and the incident point with the shortest path length from P i is the true intercepting point. Except for the initial rays from the transmitting antenna, point P 1 is on an interface, too. Thus, for each interface that may start the ray tracing, based on the relative geometry of the structures, a list of the searching order over the other interfaces to find the incident point may be generated before starting the ray-tracing procedure to improve program efficiency. 2) When a ray tube incidents on an interface, a reflected and a transmitted ray tube is generated according to Snell's law and the local plane wave approximation. The reflection and transmission coefficients derived for a plane wave illuminating a flat interface of two materials are employed [13] .
3) The boundary surfaces intersected with all rays have to be found at one time. Consider one of the boundary surfaces with a rectangular shape as shown in Fig. 3 whose normal unit vector isn i . One plane (Oa j a j+1 ), in which j = 1, 2, 3, 4, o is the point source and a j s are the edge points of the boundary surface, is passed through each side of this boundary surface (a j a j+1 ) and the point source. The normal unit vector of each defined plane can be determined from the following expression:
A function f is defined such that it takes 1 for the rays incident to the boundary surface No. i and takes zero for the other rays [14] . wherer is directional vector of the incident ray and sign is the sign function. The function f for other surfaces with arbitrary shape as shown in Fig. 4 can be defined as the following expression:
4) The sum of the products of defined functions f and the normal unit vectorsn i give us the normal unit vector of the corresponding boundary surfaces of all rays, at one time, as the following relation:
The simulated region as shown in Fig. 1 has ten boundary surface, six externally surface for shielding room and four internally surface for metal cabinet. Also, an arbitrary point of corresponding boundary surfaces of all rays can be found using a similar expression as follows:
where P i is an arbitrary point on the intersecting boundary surfaces No. i. 5) A ray tube will be terminated if:
a) It exits outdoor or leaves the simulated domain; b) The magnitude of the E-field is less than a threshold. For b), the total length of the ray paths from the transmitting antenna to the present location is used to approximate the spreading factor of the E-field. A convergence test should be performed to set the proper threshold, which is defined as the percentage of the reference field strength at 1 m from the transmitting antenna. If both the reflected and transmitted rays are significant, one of the ray tubes is stored by pushing it into a "stack," while the other one is continuously traced. The data set for each stored ray tube includes the directional vectors, positions, total path lengths, and E-field phasors (excluding the spreading factor) of the four rays.
If both ray tubes are ended, a previously saved ray-tube data set is then popped from the stack and the ray-tracing procedure is started again. When the stack is empty, a new initial ray tube from the transmitting antenna is traced until finished. Multiple reflections and transmissions through walls, ceiling, stairs, floors, and other electrically large bodies can be simulated both in air and in the structures to properly model wave propagation and penetration in buildings. 6) In this work, the simulated domain is a rectangular enclosure with dimensions w × h × l that contains a rectangular aperture with dimensions w a × h a as shown in Fig. 1 . The aperture is meshed by using a rectangular grid with the square cells of the size ∆l 1 × ∆l 1 that is given by:
where N is the resolution factor of the ray tracing algorithm ,which is equal to π/∆θ. The E-field matrix (with initial zero value) for this grid is considered. In each iteration of the ray tracing process, the E-field of the ray tubes which incident to the cells of the grid should be calculated and added to the initial E-field matrix.
7)
In this work, transmission ray tubes leave the simulated domain and only reflection ray tubes are traced at each interface. From the geometrical optics, the E-field of the ray tube at the test point can be determined from the following equation:
where E 0 is the E-field at a reference point r 0 , R i is the reflection coefficient dyad along the whole ray path, e −r i l i is the product of the propagation phase variations and exponential losses for this ray contribution starting from r 0 , and SF is the spreading factor. By the conservation of energy flux in a ray tube [13] , SF can be obtained by using
where A 0 and A are the cross-sectional areas of the ray tubes at the reference point r 0 and the field point r, respectively. The sum of the areas of the four triangles on the intercepting quadrilateral at the receiving point as shown in Fig. 5 may be evaluated to approximate the cross-sectional area A.
It is worth mentioning that the proposed ray tracing algorithm could be useful in numerical software, such as MATLAB which based on matrix operations. Figure 5 . A ray tube passing a receiving antenna at R.
Leakage Field of Apertures
An aperture in the form of a slot, which is often found on the walls of shielded rooms, is usually analyzed as an aperture antenna mounted on an infinite ground plane. The electromagnetic penetration through an aperture depends on the distribution of tangential field components on the aperture surface E a (r) calculated using the proposed algorithm in the previous subsection. The equivalent magnetic current density over aperture is equal to
wheren is the normal vector of slot. The fields radiated by the aperture can be expressed as [13] 
where R = |r − r | and the primed coordinate r represents the source and the unprimed coordinate r represents the observation point and β is the propagation constant.
RESULTS

Validation
The proposed method is suitable only for the objects having dimensions greater than the wavelength of the source wave. Of course the results of applying this method to the small objects may be acceptable if the frequency range doesn't contain the resonance frequencies. Fig. 6 shows this matter for a 50 cm cubic box containing an aperture with dimensions 2 cm×1 cm in the center of one of the walls. The simulation parameters are assumed ∆θ = .5 • , N = 360 and ∆l 1 = 2.5 mm. In this figure the results of proposed method have been compared with the results of Bethe approximation method [4] . The Bethe approximation method is valid only for the case when the aperture dimension less than wavelength. The excitation antenna is a Hertzian dipole located in the center of the box and the observation point is considered 3 m far from the center of the aperture on the z axis. In order to evaluate the proposed method for large boxes, another example is presented. Consider a 3 m cubic box containing an aperture with dimensions 30 cm×10 cm in the center of one of its walls. Also, the observation point is considered 3 m far from the center of the aperture on the z axis. The excitation antenna is a Hertzian dipole with the current magnitude I 0 , located in the center of the box. The relative magnitude of E/I 0 has been calculated by the proposed method and compared with the results of HFSS11 full wave simulator in Fig. 7 . The agreement between the results is good in the whole of frequency range especially in the high frequencies because the ray tracing method is an approximation technique for high frequency wave propagation.
Analyze the Main Problem
The proposed method has been applied to analyze the shielding room considered in the second example (w = h = l = 3 m, w a = 30 cm, h a = 10 cm) containing a metal cabinet with dimensions 30 cm × 150 cm × 75 cm. The simulation parameters are ∆θ = 1.5 • , N = 120 and ∆l 1 = 5 cm. The SE(E) has been calculated assuming the excitation antenna to be placed in the point (1.5, 1.5, 1.5) (the center of shielding room) and the observation point to be (1.5, 1.5, 6).
At the first example, a metal cabinet has been placed in position C as shown in Fig. 8 and investigated its effect in the shielding effectiveness of shielding room. The obtained results of this example are shown in Fig. 9 . Adding metal cabinet to the shielding room in position C reduced the SE(E). The reason is that the volume of the shielding room has been reduced and electromagnetic field to be forced out through aperture. 
CONCLUSION
In this paper, a fast and efficient method was proposed to analyze the electromagnetic shielding rooms with electrical large sizes and arbitrary shapes. The idea of this method is to trace all of the rays simultaneously in the ray tracing algorithm. The performance of the proposed method was verified by a comprehensive example. The effect of additional metal cabinet in the shielding effectiveness of shielding room was investigated. Also the position of it was found optimally to produce a "best" performance for the shielding room.
